Background: Routine primary care data are increasingly being used for evaluation and research purposes but there are concerns about the completeness and accuracy of diagnoses and events captured in such databases. We evaluated how well patients with major cardiovascular disease (CVD) can be identified using primary care morbidity data and drug prescriptions. Methods: The study was conducted using data from 17,230 diabetes patients of the GIANTT database and Dutch Hospital Data register. To estimate the accuracy of the different measures, we analyzed the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) relative to hospitalizations and/or records with a diagnosis indicating major CVD, including ischaemic heart diseases and cerebrovascular events. Results: Using primary care morbidity data, 43 % of major CVD hospitalizations could be identified. Adding drug prescriptions to the search increased the sensitivity up to 94 %. A proxy of at least one prescription of either a platelet aggregation inhibitor, vitamin k antagonist or nitrate could identify 85 % of patients with a history of major CVD recorded in primary care, with an NPV of 97 %. Using the same proxy, 57 % of incident major CVD recorded in primary or hospital care could be identified, with an NPV of 99 %. Conclusions: A substantial proportion of major CVD hospitalizations was not recorded in primary care morbidity data. Drug prescriptions can be used in addition to diagnosis codes to identify more patients with major CVD, and also to identify patients without a history of major CVD.
Background
Routine primary care data are increasingly being used for evaluation and research purposes. In particular, data on drug prescriptions, diagnoses and events are used for (pharmaco)epidemiological and pharmacovigilance studies and for the evaluation of quality of care. Data are becoming more accessible through initiatives, such as European Network of Centres for Pharmacoepidemiology and Pharmacovigilance Resource Database [1] . Validation of information recorded in such databases is required [2] . This is especially relevant in light of upcoming electronic patient record systems, such as the 'care.data' scheme in the United Kingdom [3] , which are likely to include data from practitioners who are not submitted to rigorous data quality assurance methods.
There is a growing amount of studies evaluating treatment and cardiovascular outcomes using morbidity data from primary care databases [4] [5] [6] [7] [8] , and also disease cohorts are created using such data [9] . There are concerns, however, about the completeness and accuracy of the diagnoses and events captured in primary care records [10, 11] . Recent research from the UK indicates that a substantial proportion of cardiovascular events is not adequately recorded in primary care morbidity records [12] . Previous studies indicated that adding drug prescriptions may improve the identification of patients with ischemic heart disease (IHD) or myocardial infarction especially when diagnosis recording is poor [13, 14] . Several studies have used drug prescriptions to identify patients with cardiovascular diseases (Additional file 1: Appendix A), but there are questions whether and which drug prescriptions can be used as proxies for identifying patients with prior cardiovascular diagnoses [15] . Previous studies were all from the UK and used Read-codes to identify patients, while the International Classification of Primary Care (ICPC) codes are more widely used across Europe. More information about the validity of morbidity and drug prescription data for identification of cardiovascular events and of prior cardiovascular diseases (CVD) is needed to assess the potential impact of misclassification bias in (pharmaco)epidemiological studies [16, 17] . Given that several studies rely on primary care records alone or solely on drug prescription data, there is a need to evaluate how well CVD events and prior CVD can be identified using these sources of information.
We first evaluated how well major cardiovascular disease (CVD) hospitalizations can be identified from primary care morbidity data and/or drug prescriptions using a Dutch database with type 2 diabetes patients. Secondly, we evaluated the accuracy of different drug proxies to identify patients with a history of major CVD, and to identify a first major CVD event in patients without a history of CVD (incident major CVD).
Methods

Study population
This study was conducted using data from the Groningen Initiative to Analyse Type 2 Diabetes Treatment (GIANTT) database [18] . This database contains anonymized data extracted from electronic medical records of type 2 diabetes patients managed by general practitioners in one region in the Netherlands, and includes prescriptions, morbidity, laboratory test results and physical examinations. Morbidity is documented by means of ICPC codes [19] or short text descriptions, which were manually coded in GIANTT. In the Netherlands, each patient is registered with a single GP, who is obliged to keep adequate medical records regarding all relevant diagnostic and prescription information, including out-of-hours prescriptions made by other practitioners. Hence, drug prescriptions were extracted from the same database as the primary care morbidity data.
We included those individuals with data on drug prescriptions available between 1 December 2007 and 1 April 2010, based on enrolment data in GIANTT, who were uniquely linkable with data from the Dutch Hospital Data (DHD) register provided by Statistics Netherlands and survived during the study period (1 January 2008 to 31 December 2009) [20] . The linkage was carried out by Statistics Netherlands, using a match based on gender, date of birth and the 4-digit part of the postal code. Identifying variables were removed by Statistics Netherlands. Overall, 88 % of patients were successfully linked.
Included hospitalizations, GP diagnoses and medications
Data on hospitalizations were collected from the DHD register provided by Statistics Netherlands [20] . Discharge diagnoses are coded according to the International Classification of Diseases-9-Clinical Modification (ICD-9) and procedures are coded according to the Classification of Medical Procedures developed by the Central Administration of Procedures in the Netherlands. Major CVD included hospitalizations with the following discharge diagnoses or procedures: IHD (ICD-9 code 410-411,413-414), cerebrovascular disease (ICD-9 code 430-437), coronary artery bypass grafting (CABG) or percutaneous transluminal coronary angioplasty (PTCA). Primary care diagnoses and procedures were collected from the GIANTT database. Major CVD included IHD (ICPC code K74-K76), stroke/transient cerebral ischemia (ICPC code K89-K90), coronary artery bypass grafting or percutaneous transluminal coronary angioplasty. Drug prescription data were obtained from the GIANTT database. For the identification of patients with a major CVD, different cardiovascular drug classes were considered based on previous studies (Additional file 1: Appendix A).
Identification of hospitalization for major CVD
For our first analysis, all major CVD hospitalizations between 1 January 2008 and 31 December 2009 were defined as cases. Information about hospitalizations was obtained from the DHD register. This source has the advantage of providing the most complete and accurately dated information on CVD hospitalizations. We evaluated whether these hospitalizations can be identified using different combinations of primary care morbidity records and cardiovascular drug prescriptions registered during the same period. No restrictions were applied regarding the maximum time between the hospitalization and morbidity record or cardiovascular drug prescription, as long as both were dated within the 2-year period.
Identification of history of major CVD
We assessed whether patients with a history of major CVD, as documented in the primary care morbidity records (GIANTT data), can be identified using different cardiovascular drug prescriptions. In the Netherlands, primary care records provide the most complete disease history information. Patients with a primary care diagnosis for a major IHD or cerebrovascular event before 1 January 2008 were labeled as patients with a history of major CVD. We evaluated drug prescriptions between 1 January 2008 and 31 December 2008 to estimate the accuracy of different drug proxies. To prevent an underestimation of the specificity, we restricted this analysis to 1 year and excluded patients with an event between 1 January 2008 and 31 December 2008.
Identification of incident major CVD
We evaluated whether patients with an incident major CVD can be identified using different cardiovascular drug prescriptions. For this, both first major CVD episodes recorded in primary care (GIANTT data) and first major CVD hospitalizations (DHD data) were defined as incident major CVD events. This is expected to provide the most complete information about the occurrence of such events, since some events may not lead to a hospitalization. All first major CVD hospitalizations or primary care diagnosis between 1 January and 31 December 2009 were defined as incident cases. In case of multiple events, the earliest date was used as the index date. This analysis was restricted to 2009, as we were interested in cardiovascular drug treatment initiation, defined as a first prescription of a cardiovascular drug with no prescription of that drug in the previous 365 days. Patients who already had at least one prescription of the drug of interest in the year before 1 December 2008 (allowing a 30 day window prior to incident major CVD events, see below) were excluded. Drug prescriptions prescribed for the first time between 30 days before and 90 days after the index event were considered as true positives, when prescribed more than 30 days before the index event as false positive, and when prescribed more than 90 days after the index event as false negatives. The 30 day before and 90 day after thresholds were used to account for patients receiving their first prescription when scheduled for a coronary revascularization and patients are not being prescribed drugs by their general practitioner during or shortly after hospitalization, respectively.
Statistical analysis
To estimate the accuracy of the different measures, we analyzed the sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) relative to hospitalizations and/or records with a diagnosis indicating major IHD or cerebrovascular events. Since the priority of which accuracy measure to use largely depends on the research question and goal [21] , we report all accuracy measures. Exact binomial 95 % confidence intervals (95 % CI) were calculated. Data were analyzed using SPSS 20 Software and R version 3.0.2.
Sensitivity analyses
Various sensitivity analyses were performed. First, we repeated analyses for major IHD (ICD-9 410-411, 413-414, CABG and PTCA vs ICPC K74-K76, CABG and PTCA) and cerebrovascular disease (ICD-9 430-437 vs ICPC K89-K90) separately. Second, we evaluated whether the accuracy measures would improve when comparing myocardial infarction hospitalizations (ICD-9 code 410), as a well-defined endpoint, with the primary care codes for myocardial infarction or chronic ischemic heart disease, which includes past myocardial infarction (ICPC codes K75-K76). Similarly, we evaluated accuracy measures for well-defined cerebrovascular events/stroke codes (ICD-9 430-434 vs ICPC K90). Third, we tested the impact of possible registration problems at GP and DHD level. For this, we excluded 18 GPs with a relatively low morbidity registration, and 63 additional GPs with a possible delay in registration or situated in an area for which the closest hospital did not provide complete data to the DHD register during the entire study period. Fourth, we explored the influence of using at least two or three prescriptions within 1 year to identify patients with a history of major CVD instead of at least one prescription within a year. Fifth, we compared the concordance between major CVD hospitalizations and primary care morbidity records in patients with and without a history of major CVD. This sensitivity analysis was performed to assess whether GPs are less likely to re-enter the diagnostic code in case of a hospitalization for patients with a history of major CVD.
Ethics statement
In The Netherlands, according to the Code of Conduct for the use of data in Health Research ("Gedragscode gezondheidsonderzoek" approved in 2004 by the Dutch College for Protection of Personal Data, taking into account Article 25 of the Dutch Act on the Protection of Personal Data) no ethics committee approval was required for this research using data from anonymous medical records.
Results
Study population
A cohort of 17,230 patients with type 2 diabetes was eligible for analyses. At baseline, mean age of the study population was 66 years (sd 12), 48 % were men, median diabetes duration was 6 years (interquartile range: 3-10) and the prevalence of at least one major CVD diagnosis recorded by a GP was 16 %.
Identification of hospitalization for major CVD
Between January 2008 and December 2009, 729 (4 %) patients were hospitalized for a major CVD event or procedure. The primary care diagnoses recorded in the same period had a sensitivity of 43 % and a PPV of 35 % for identifying major CVD hospitalizations (Table 1) . Adding nitrate prescriptions to the search resulted in a sensitivity of 68 % and a PPV of 24 %. A proxy based on primary care diagnoses, platelet aggregation inhibitor, vitamin k antagonist or nitrate prescriptions had a sensitivity of 94 % and PPV of 10 %. Major cerebrovascular hospitalizations were more often identified using primary care diagnoses alone than major CVD hospitalizations (57 % vs 38 %). When only considering myocardial infarction hospitalizations, the sensitivity of primary care diagnoses was with 46 % still lower than for cerebrovascular hospitalizations (57 %). Restricting the analysis to only well-defined cerebrovascular events decreased the sensitivity from 57 to 54 %.
Results were similar for patients with and without a history of major CVD recorded in primary care morbidity data prior January 2008, e.g. for major CVD hospitalizations the sensitivity was 42 % for patients without and 45 % for patients with a history of major CVD.
Identifying history of major CVD
Next, we assessed whether patients with a history of major CVD (15 % of the included patients) -as documented in primary care morbidity records -can be identified using different cardiovascular drug prescriptions. The sensitivity of 1 prescription of individual drugs ranged between 1 % for nicotinic acid and derivatives and 70 % for platelet aggregation inhibitors (Table 2 and Additional file 1: Appendix C). When at least one prescription of either a platelet aggregation inhibitor, a vitamin k antagonist or nitrate was used as a proxy, the sensitivity increased to 85 %. When considering only a history of major CVD, this proxy had a 100 % sensitivity ( Table 2 ). The specificity of one prescription of individual drugs ranged between 36 % for statins and 100 % for nicotinic acid and derivatives (Additional file 1: Appendix C). The proxy including three had a specificity of 75 %. PPVs for individual drugs ranged between 15 % for thiazides and 52 % for nitrates (Additional file 1: Appendix C). The afore mentioned proxy including three drug classes had a PPV of 37 %. NPVs were equal to or above 85 % for all drug proxies.
Results were similar when using two or more and three or more prescriptions within 1 year as a requirement for a positive test (Additional file 1: Appendix D).
Identifying incident major CVD
Using primary care data or hospitalizations indicating incident major CVD as a reference, only 13 % of incident major CVD events could be identified using nitrate prescriptions alone (Table 3) . However, a proxy based on one prescription of either a platelet aggregation inhibitor, a vitamin k antagonist or nitrate identified 57 % of incident major CVD events. This proxy had a specificity of 94 % and a PPV of 17 %.
When using only hospitalizations as a reference, the sensitivity of this proxy increased to 71 %, while the specificity and PPV were 94 and 12 %, respectively. 
Discussion
Only 43 % of major CVD hospitalizations could be identified using diagnoses recorded in primary care in the same period. Adding drug prescriptions to the search increased the sensitivity up to 94 %. The proxy of at least one prescription of either a platelet aggregation inhibitor, a vitamin k antagonist or nitrate prescription could identify 85 % of patients with a history of major CVD recorded in primary care. With this drug prescription proxy, also 57 % of the incident major CVD recorded in either primary or hospital care records could be identified.
Our finding that less than half of the hospitalizations for a major CVD were identified using primary care morbidity records indicates that even for major events such records are incomplete. Focusing only on myocardial infarction slightly increased this figure to 46 %. For comparison, it was estimated that approximately 25 % of myocardial infarctions were not recorded in primary care morbidity records of the widely researched Clinical Practice Research Datalink (CPRD) [12] . For some of the included morbidity codes, it is possible that general practitioners do not immediately enter a new diagnosis in their system after receiving a discharge letter from the hospital. The CPRD study found that in primary care records the discharge date is often used to record myocardial infarctions [12] , which may especially for hospitalizations with a long duration result in misclassification of the date of the event. In addition, some patients may already have a history of major CVD which theoretically may reduce the likelihood to re-enter the diagnostic code in case of a hospitalization. However, our results were similar for patients with and without a history of major CVD recorded in primary care morbidity data. Therefore, adding drug proxies to morbidity codes may be useful to identify patients with major CVD when the quality of diagnosis coding is poor [14] .
The selected drugs had a relatively high specificity to identify both a history of major CVD and incident CVD, although some of the evaluated drugs may be prescribed for other indications. For example, a Dutch study found that 41 % of 8,718 patients receiving antiplatelet therapy had only a non-recommended cardiovascular indication (n = 982) or related cardiometabolic disease (n = 2,557) recorded, suggesting frequent use of these drugs for primary prevention [22] . In addition, some of the evaluated drugs are used for other indications, such as venous thrombosis. Previous research suggested that nitrate prescriptions can be used to identify patients with CVD [13, 14, 23] . Our study confirms that nitrates indeed have the highest specificity to identify such patients but the sensitivity is lower than found in the other studies (24 % vs 47-55 %) [13, 14] . This difference may be due to the fact that we used a broader reference standard, that is, all patients with acute angina pectoris, myocardial infarction, chronic ischemic heart disease, CABG or PTCA recorded in primary care morbidity data. Donnan et al. evaluated whether patients with a myocardial infarction could be identified using nitrate prescriptions [14] , while Gray et al. evaluated whether nitrates could be used to identify patients with ischemic heart disease, including probable cases defined as patients with a written record strongly suggesting ischemic heart disease and receiving drugs that could be used to treat angina [13] . As nitrates, which are frequently used to treat angina, were consequently used to create the golden standard in that study, one would expect a higher sensitivity than in our study.
Both for identifying a history of CVD and incident major CVD events, a combined drug proxy including also vitamin K antagonists and platelet aggregation inhibitors had a much higher sensitivity than nitrates alone, with some loss in specificity. As already pointed out earlier by McManus et al., strokes may be difficult to identify using drug prescriptions [24] . Approximately 10 % of strokes are due to hemorrhagic strokes [25, 26] , which are particularly difficult to identify using drug prescriptions. This may explain why a history of major CVD events could be better identified using drug prescriptions than a history of major cerebrovascular events, despite the fact that major cerebrovascular hospitalizations were better registered in primary care morbidity records.
In general, the PPVs for identification of patients with major CVD were low. This is partly because the majority of patients did not have a major CVD diagnosis and may have other indications for which the selected drugs can be prescribed, such as venous thrombosis [22] . To identify as many patients with major CVD as possible from primary care records one needs a search strategy with a high sensitivity, thus using both diagnosis codes and drug proxies. On the other hand, for selecting a cohort of primary prevention patients, a high NPV is important. Our study illustrates that using drug proxies only can be adequate with a NPV of 97 %, in a population with a similar prevalence of major CVD.
This study has some important strengths. This is the first study that evaluates the accuracy of a wide range of primary care diagnoses and drug prescriptions for identification of patients with major CVD. We evaluated the accuracy of general practice morbidity records using ICPC codes supplemented with diagnoses obtained from verbal descriptions, thereby capturing more major CVD events in general practice morbidity records then when solely relying on diagnostic codes. Moreover, ICPC codes are more widely used across Europe than the Read codes that were used in most previous validation studies. In addition, we evaluated whether incident and a history of any major CVD could be identified, while most previous studies evaluated only specific cardiovascular outcomes, such as myocardial infarction [14] , angina [27] or atherothrombosis [22] .
This study has also some limitations. Underlying most studies assessing the validity of search algorithms to identify patients with a specific disease is the lack of a true golden standard registry. This limitation is particularly relevant when evaluating the validity of drug proxies for the identification of patients with CVD in primary care records. As we found that only 43 % of major CVD hospitalizations were recorded in primary care morbidity data, it can be expected that the specificity of the different drug proxies are underestimates of the true values. Furthermore, some events identified using primary care morbidity data may be minor events not requiring hospitalization or working hypotheses. Despite the lack of a golden standard, we preferred presenting accuracy measures like sensitivity, specificity, positive predictive value and negative predictive value over a single agreement measure like kappa, because these accuracy measures provide better insight about, for example, what percentage of hospitalizations is not in primary care morbidity records. We presented data for patients managed in primary care in the Northern Netherlands, which may limit the generalizability of our findings. Individual practices, practices from other regions or countries may register morbidity worse or better and may differ in their prescribing habits. Also, prescribing habits may differ for specific subpopulations. On the other hand, our analyses based on GIANTT data represent 80 % of all general practices in the region. Therefore, the data provide a 'real-world' picture of GPs using electronic health-care records in the community. In contrast, practices included in special registration networks with rigorous data quality assurance methods may have better morbidity registration.
We only included patient surviving the whole study period and hence could not assess fatal events or concordance in patients that died within the study period. Hence, results should not be generalized for studying fatal CVD events. On the other hand, fatal major CVD events are less relevant when selecting a cohort of patients with or without a history of major CVD or identifying more patients than with diagnosis codes alone, i.e. the situations where drug proxies are often used.
Finally, we had to exclude 12 % of patients who were not uniquely identifiable in the Dutch Hospital Data register for the whole study period. Not all hospitals provide complete data to the DHD register during the entire study period. However, removing patients from practices in the area for which the closest hospital did not provide complete data to DHD did not substantially influence the results.
In future projects, the accuracy and completeness of diagnoses in electronic medical records may be improved by investigating free text parts using text-mining techniques [28] [29] [30] . Furthermore, there are also initiatives to improve recording of diagnoses in electronic medical records [31, 32] . The finding that a large proportion of major CVD hospitalizations is not recorded in primary care morbidity data is particularly relevant in the context of upcoming regional and nationwide electronic healthcare databases.
